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‘l’he Jet Propulsion 1.aboratory  is currcmtl y engaged in a study to develop a

quantitative unclmtancting  of the pcrformmcc,  cost, and tcc}~nica]  risks associated

with synthesizing a large aperture from an army of smaller aJVWILlrC antennas. “J”hc

array will be a reeeive-only  system, operating simultaneously at S-band awl

X-band. “J’his Small Aperture Array Study will paramcterize  costs of the entire

array as a fmc[ion  of the antenna element diameter for a prescribed G/J’ (gain

divided by system noise temperature). As a bcnc}mark,  the prescribed G/J’ will bc

that of a small number of IIccp Space Network 70111 antennas (one to three). in

Ihis paper, the costs for the antenna subsystcm are parmctcrizcd.  “J’hc ent irc

system cost paramcterization  is available clscwhcre.

1. INrJ’RODIJCrJ’ION”

“J’hc Jet Propu] sion 1.aboratory  is cmcl~tl y engaged in a study to develop a

quantitative understanding of the pcrformancc,  cost, ancl technical risks associated

with synthcsi  zing a large tipcr[urc from an array of smllcr apcr[urc antennas. Such
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an array would suppor[  the col~l~~~tltlicatiol~s  links to spacecraft engagec]  in

p]anetary  and so]ar system exploration. ‘l’his study represents the conccptua]

cxplomt ion of a part icular evolut ionary path that is open to the Deep Space net work,

“1’he array will bc a receive only systcm, operating simultaneously at S-band and

X-band. ‘J’he product of the study is an analytic mode] that relates the total system

cost to the diameter of the clcmcntal apcrlurcs for a given W’ (i.e., total  antenna

gain divided by total system temperature). As a benchmark, the prescribed W]’

will be that of a small number of 1 ~ccp  Space Network 70111 antennas (one to

three). Costs for the comJdete systcm will bc paramc[erized.  “1’hcse include the

antennas, mdio and intermediate frequency amplification, signal distribution,

combiner electronics, and the monitor ancl control needccl to operate the array in a

synchronous fmhion. ‘1’his paJ>cr  documents the results of the antenna subsystcm

cost analysis.

2. ANTICNNA COSrl”  Mol)l:l ,

‘l’he antenna systcm is an obvious and major conlJJoncnt  in the overall array

cost model. As will be detailed, the antenna systcm will bc divickd  into

subsystems that inc]ude al] mcchanica] and struct ura] conlJJoncnts, the foundation,

and microwave oJ}tics (incJttding the feed sys[em, but not iJIC]lldi  Jlg any e]cctronic

packages). “1’o simplify the cost estimation process and kccJJ it within a limited

time and budget, “off the shelf” tcchno]ogy  is to be used for each subsystcm  It

was decided to contract to two comJ~anics  sJ>ccializ.ing  in anlcnna ground  station

design and fabrication so that detailed antenna stlbsystenl  costs could bc suJJJ)]ied,

and that the estimated costs would not bc sJ~cculat  ivc. ‘1 ‘hcse two comJ]anics  arc



‘1’lW Systems, inc., Sunnyvale, CA, and Scientific Atlanta, inc., Atlanta, GA (SA).

I’he two companies have previously supplied JP1. with antenna systems, and

therefore are familiar with the specific requirements and procedures of the IISN.

Specific tasks that the contractors were to complete areas follows:

● l;or eight antenna diameters ranging from 3 to 35 meters, production

techniques will bc investigated and a preferred design for each antenna

subsystem will bc spccificd.

b ‘l’he design will include specifying antenna optics for each antenna size

based on cost, manufacturability, and performance.

● Each subsystem will bc further divided into non-recurring and recurring

costs.

● Because of the large number of antennas that COUIC1 be fabricated

(especially at the smaller diameters), it is expected that an economy of

scale will bc encountered. ‘J”his cost study should outline breakpoints in

production where costs drop for a given cliameter  as more antennas are

fi~bricated.

● To assis[ in the probabilistic determination of the nwnbcr  of antennas

needed to maintain a prescribed GIJ’ margin, the cost estimates shou]d

outline antenna components which critically affect reliability, and detail

the costs of critical components as a function of reliability.

IMe to the limited time and budget of the contracts, the last three items were not

examined in great clctail.  ‘1’hc costs in this section therefore do not reflect any

reductions that may bc gained by mass production of antenna systems specifically

designed for this IX3N array application.



‘3. . ANTKNNA SIII’:CII’’ICA’1  ’IONS

‘l’he number of antennas needed  to synthesize the G/l’ of a 701N antenna is a

function of the diameter and system noise tcmpcratm  of the antennas. Shown in

“J’able 1 is the range of the number of antennas nccclcd  for each of the eight

diameters specified to the contmctors. ‘]’hc column of nlinimum  units corresponds

to cooled amplifiers and enough antcnm elements m comprise one station, while

the maximum number of uni(s corresponds to uncoolcd  amplifiers and enough

elements to comprise three stations. ‘1’his range was specified to allow for

economics of scale in production methods to surface, and for a complc[c

paramcterization  of the alltct~l~a-al~l]>lificr  systcm based on systcm noise

“J’able 1. Minimum ancl Maximum Antenna lilcmcnts

F
Diameter (m)

3

5

I 10

15

20

25

30

35

Units

Minimum I Maximum

545 I 27,000

196 1 (),()()()

49 2,500

2.2 1,100

12 615

8 394

5 2.74

4 201
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tetllpcrattlre  all(lafltelllla  diallleter. Colllllloll sejlscdictatcs t}latatl array of

inexpensive 3-nleter  antennas using expensive cooled amplifiers, as well as

expensive 35-nleter  antennas using inexpensive uncooled  amplifiers, should

produce cxtrcmcs in the cost model, ‘] ’hese extremes would  bc expectec]  to bound

the cost model.

‘J’he antenna optics are broken into two regimes, I/or small diameter

antennas, a frequency selective subrcflec~or is used to scpamte  S-ban& arranged as

a prime focus systcnl- from X-band, which is arranged in a Casscgrain  system.

I/or larger diameter antennas, both bands optmte  in a Cassegr~in  system, with the

bands separated by either a dual-frequency (concentric) feed, or a frequcncy-

sclcctivc  surfi~ce  (13S) diplcxor. It was expcctcd that the break WOUICI occur in the

range of 10- 20-nlcter  antenna diameters. ‘J’his breakpoint option and frequcncy-

combining method were left to the contractor. ‘1’IW arrived at designs which used

prime fouls S-band designs, including an I~SS subreflcctor,  for diameters up to and

including 10 meters, and Cassegrttin  configumtions  with a dual-frequency feed for

diameters of 15 meters and larger. Scientific Atlanta arrived at similar designs but

with a breakpoint where the dual-frequency feed is used for diameters greater than

21 meters.

‘1’o gain a richer undcrstanditlg  of the antenna systcm cost moclcl,  the antenna

was broken into eight subsystems. ‘1’hese are as follows:

● Anienna  S~~or[ St UIQ!MC+  Designs for all antenna  si~.cs were

conventional elevation over a7JinlMh configurations. IXle to the range of

antenna sizes considcrcd,  modifications based on production, shipping,

and assembly were made to arrive at a final design.



● ~ain Reflector Surface. Again, based cm antenna  diameter, different

panel proclucticm methods were used in the final design.

● Axis Ilriv&.  lnc]udcs  actuators, drive gearboxes, and bearings.

● Bm.L@mCQmQL  Illcl~ldcs cl~c~dcrs,  IIMNOrS, cablil~~!  al~d COMrOIS.

b lked Sy stcm (Includingma.  As noted above, different fcccl systems——

were used at the diameter breakpoints specified by the contractor.

● 1+’oulldat iot]. No below ground enclosure supplied.

● l’ower Supply.  lncludcs  clistribution on site.

● Shiminr,  installation, mMV’.StiIrg  IIiffcrcnt  strategies for installation

and testing were used based on antenna diameter.

hJllIllariW  of the designs as WC]] as the cost information arc COIltaiIled  in the final

rej~orts supp]iecl  by the contractors.

4. lWI<F’ORNIANClt  I< ICQIII  l{ ICNJK:N’J’S

The perform-mce rcquircmcnts  specified to the contractors are those contained

in the JP1. DSN llocLJnmlt  810-5, VolIJmc 1: }ixisting lISN Capabilities. ‘J’hc

specifications necessary for this study arc listed in ‘1’ab]e 2.

5. . ‘J’JI]~ ANr]’]~NNA COS’J” N40])]t],

‘J’raditionall  y, antenna cost modc]s  have followed a power law

(1)
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‘l’able 2. Antenna IHement Specifications
—.

Parameter Spcciilcation

Operating l;rcquency lkom S-band to X-band

Axis Coverage:
IHevaticm 00 to 900
Azimuth j 200””

Rcflccm’ sm-Pdce Solid aluminum

)“tnvironmcnts:
Precision Opcrat  ion:

Wind 1() mph gusting to 12 mph
Rain 2 inches pcr hour
‘1’empcrat  urc O“l; to 115°1:

Normal Opcrat ion:
Wind 30 mph gusting to 36 mph
Rain 2 inches  pcr hour
Tempcrat m 0°1:101 15°1/

Survival:
Wind 100 mph (stowC(t)
Seismic 0.3 G horizontal and ().15 G vertical
}Iail Up to 1-inch-diameter stones
‘J’cmpcrat  ure -2001 i to 18001~
lMive-to-Stow 60 mph

Maximum ‘1’racking  Rates:
Velocity o.4°/scc
Accelcrat  ion o.4”/scc~

Maximum Slew Rates:
Velocity ().40/see
Acceleration o.2°/scc~

Site 1 mcation Australia ———

Soil Conditions 3,000” psf bearing capacity at 3 feet below grwlc
(no piles required)

Axis Configuration lilcvation over azimuth
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‘l’able 2, Antenna lllcmcnt  Specifications (Continued)

Parameter

Pointing Accuracy:
Precision Operation
Norml Operation

Surface Accuracy:
Precision Operation
Normal Operation

Concrete lkmnctaticm

Spccificaticm

0.1 bcamwidth
().2 bcamwic]th —

0.030-inch” RMS
().()35-inch RMS ———.

Minimum height (no building mom required)

where a represents a constant fixed cost, b is a constant, and l)~; is the dish

diameter. “J’he exponent x is the criticwl  parameter in the cost moclel,  ctriving  costs

as the antenna size increases. “J’his parameter has been previcmsl y est imatccl by

examining costs of existing antennas and fitling the above power law to the data.

One early estinlatc~l 1 gave x as 2.78, and this number  has been wiclely  quotcct.  in

this study we will fit the above power law to the overall antenna clement cost, but

will also examine the subsystem costs using fits appropriate for the subsystem.

ltor example, the feed subsystem does not have to increase  with dish diameter, but

may show step function breaks when changing from prime-focus S-bancl  system

to dual-frequency Cassegrain  systems.

Figure 1 shows the cost estimates from the two ccmttmtors  for the antenna

elements as a function  of diameter. Scientific Atlanta supp]iccl data for more

diameters than spccificd because they have existing systems or cost data at 13, 16,

18,21, and 32 meters. “J’hc SA data is not as smooth as the “1’JW-suppliccl  cost clata



ANTENNA ELEMENT COST
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Figure 1. Total antenna clement cost and power law fits to data.
(hsts in fits to data arc in units of $K.

because of design variations at some cliamcters, Specifically, SA supplies an

1 &mcter system where the slructurc, foundation, and shipping, installation, and test

sllbsystel~~s  arco]~til~~iz.cd  for cost.

Power law fits totl]cdata  arcalso  sl~owll  olltl~e]Jlot.  l:orbo[h  clatasels,  it is

seen that the cosl increfiscs as the diameter is squared, cot]nter to higher powers

previously publisbect. It is interesting to note that the Project  Cyclops stucty[21 came

to the same conclusion for 25-meter to 150-meter antennas. ‘J’he fi~ct that antenna

costs scale as diameter is squared profoundly affects the overall conclusions of this

study.



6. ANTICNNA  SIJ1;SYS’I’IHM  COSTS

Cost data for tbc eight antenna subsystenls  are presented in ]iigures 2-9.

Costs for specific subsystems at specific antenna diameters are plotted on tbe charts

for botb contmctors,  ‘Mc circle, and square symbols denote  the points where data

was supplied, and solid lines connect the chitti points. On each charl, fits have been

made to tbe data, Where appropriate, power law fits have been made; othcrwjsc,

step functions arc used to model breaks in the cla!a. I~or some con)poJ)ents  it is

c]car that tbe SA data does not have an obvious fit to a particular cost JNodel.  As

mentioned previously, this is due to optimization of certain diameters for cost

reduction,

ANTENNA SUPPORT STRUCTURE COST
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]{igure  2. Cost and power law fits to data for antenna supporl  structure.
Costs in fits to data arc in units of $K.
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ANTENNA MAIN REFLECTOR COSTS
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l/igure3.  ~ostal)d  ])owcrlaw fits todatafor  ai)tel)I)a  lllai]lreflNlor.
Costs in fits to datti arc !$K

7. SIJMMARY

IJor the purposes of the ovcmll array cost model, the cost power law fits from

IJigure 1 arc sufficient to model the antenna syslcm, When fit to a power law, the

data from the two contractors arc xcmarkably  similar:

Cvw = 4 8 . 3 6  +-4.22D2”017  (K$)

CSA =  39.26+ 3.99D2”004  (K$),
(2?)
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ANTENNA AXIS DRIVE COSTS
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Figure 4. Cost and fits to data for antenna axis drive.
Costs  in fits to dam are in units of $K.

Ibr better local fits to the data, or for individual s~lbsystem cost data, the individual

models shown in 1 ;igures 2-9 can bc used. An antenna system cost model macic

up of Ihe individual subsystems is then

C = C~uP -t CRIF -I C*X -i CPO.Y -I C,:ll;,, -I C,:,,(,N  -I Cp,,,,r  4 CL,,,  (K$) (3)

where the individual subsystem costs arc given in the figures.



ANTENNA POSITION CON1-ROL COSTS
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IJigurc 5. (2c)s( and fits to data for antenna position control.
costs in fits to clata are in units of $K.

II is inttms[iJlg  to break down the costs by subsystem, examining the

fraction each subsystem ccmtributcs to the total antenna cost, as well as the scaling

of each subsystem, 1 iigure 1() is the percent of total cost for each oft he eight

subsystems for the TIW data. 1( is seen that structure, reflector, and shipping,

installation, and test subsy[cm  costs increase with diameter size; feed, position

control, and power subsystem costs clecreasc, while fcmndat  ion and axis drive costs

arc relatively constant. lkw 3-meter antennas, the fccct  and position control

subsystems ccmt ributc 57 Yo of total cost- this is an obvious area for cost

reductions for high quantity production. ‘1’0 extrapolate cost scaling for larger

system, the individual cost models (three) were calculated for di amcters up to
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450 -J
ANT-ENNA  FEED SYSTEM COST
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};igure 6, Cost and power law fits to data for antenna  feed system,
Costs in fits to data are $K.

100 meters. ‘I’he costs were calculated bascc] on the individual cost modc]s for

TIW data in Figures 2-9  with power law fits made to the resultiJ~g  extrapolated

data. It was seen that when a power law was fit to data up to 50 meters, the cost

scaled as l~?27; for fits to 70 meters the costs scaled as /)740; and for fits to

100 meters the costs scaled as ))? SO. rl’hcse costs are, of course, extrapolal  ions to

the small antenna cliametcr  data and arc speculative.
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ANTENNA FOUNDA1-ION COSTS
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lligure 7. Cost and power law fits to data for antenna foundation subsystem.
Costs in fits to data are in units of $K.
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ANTENNA POWER COSTS
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]Ji&lre 8. Cost and pOWCr  law fitS to data for aIItCIIIIa ])OWCI subsystem.
OMs in fits to data arc in units of $K.
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ANTENNA SHIPPING, INSTALLATION AND TEST COSTS
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Figure 9. CM and fits to data for antenna shipping, installation, and testing
subsystcm.  Gsts in fits to data arc in units of $K.
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l;igw-e 10, Cost breakdown by subsystcm  as fraction of total antenna cost.
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